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ABSTRACT

A datasetincludingdaily- and monthly-meanturbulent fluxes (momentum,latentheat,and

sensibleheat)andsomerelevantparametersoverglobal oceans,derivedfrom the SpecialSensor

Microwave/Imager(SSM/I)data,for theperiodJuly 1987-December1994andthe1988-94annual-

andmonthly-meanclimatologiesof the samevariablesis created. It has a spatialresolutionof

2.0°x2.5° latitude-longitude.Theretrievedsurfaceair humidity is found to begenerallyaccurateas

comparedto the collocatedradiosondeobservationsoverglobaloceans.Theretrievedwind stress

andlatentheatflux showusefulaccuracyasverified againstresearchqualitymeasurementsof ship

andbuoyin thewesternequatorialPacific. The1988-94seasonal-meanwind stressandlatentheat

flux showreasonablepatternsrelatedto seasonalvariationsof theatmosphericgeneralcirculation.

The patternsof 1990-93annual-meanturbulentfluxes and input variablesaregenerallyin good

agreementwith oneof thebestglobalanalyzedflux datasetsthatbasedon COADS (comprehensive

ocean-atmospheredataset)with correctionson wind speedsand coveredthe sameperiod. The

retrievedwind speedis generallywithin + 1 m s" of the COADS-based, but is stronger by - 1-2 m

s" in the northern extratropical oceans. The discrepancy is suggested to be mainly due to higher

COADS-modified wind speeds resulting from underestimation of anemometer heights. Compared

to the COADS-based, the retrieved latent heat flux and sea-air humidity difference are generally

larger with significant differences in the trade wind zones and the ocean south of 40°S (up to~40-

60 W m -2 and - 1-1.5 g kg"). The discrepancy is believed to be mainly caused by higher COADS-

based surface air humidity arising from the overestimation of dew point temperatures and from the

extrapolation of observed high humidity southward into data-void regions south of 40°S. The

retrieved sensible heat flux is generally within + 5 W m 2 of UWM/COADS, except for some areas

in the extratropical oceans, where the differences in wind speed have large impact on the difference

in sensible heat flux. The dataset of SSMB-derived turbulent fluxes is useful for climate studies,

forcing of ocean models, and validation of coupled ocean-atmosphere global models.



1. Introduction

The Special Sensor Microwave/Imager(SSMfl) on board a series of the Defense

MeteorologicalSatelliteProgram(DMSP) spacecrafthas provided near-globalcoveragewith

improvedcoverage,spatialresolution,andaccuracyoverprior passivemicrowaveinstruments. A

number of techniqueshavebeendevelopedto retrievethe turbulent fluxes from the SSMfl

measurements(e. g., Chou et al. 1995, 1997; Claysonand Curry 1996; Curry et al. 1999;

Schluesselet al. 1995;Schulzet al. 1993,1997).This isbecausetheglobal air-seaturbulentfluxes

arerequiredfor drivingoceanmodelsandvalidatingcoupledocean-atmosphereglobalmodels.

Curryet al. (1999)haveproduceda50km-resolutiondatasetof air-seafluxes from SSM/I data

for the CoupledOcean-AtmosphereResponseExperiment(COARE) intensiveobservingperiod

(IOP), from November1992to February 1993,in the intensiveflux array (a small areain the

westernPacificwarm pool). SchulzandJost (2000)haveproduceda globaldatasetof latentand

sensibleheatfluxes from SSM/I data for the period July 1987to present,which is called the

HamburgOceanAtmosphereParametersandFluxes from SatelliteData (HOAPS). Based on

Chouet al. (1997),wehaveproduceda Version1 of GoddardSatellite-BasedSurfaceTurbulent

Fluxes(GSST17)datasetfrom theSSM/Idataandotherdata. It providesdaily- andmonthly-mean

surfaceturbulentfluxesandsomerelevantparametersoverglobaloceansfor individualDMSP F8,

F10,and1711satellitescoveringtheperiodJuly 1987-December1994. It also provides1988-94

annual-andmonthly-meanclimatologiesof thesamevariables,usingonly178and1711satellitedata.

It hasaspatialresolutionof 2.0°x2.5° latitude-longitudeandis availablefrom theDistributedActive

Archive Center (DAAC) of the NASA/Goddard Space Hight Center (GS17C)

(ht__sfc.nasa.gov/CAMPAIGN DOCS/hydrgjog.y/hdnaain.html). These three flux

datasetsand some other datasetswill participatein the SEAFLUX intercomparisonproject

(http-@aos.colorado.edu/-curryja/ocean/home.html).

The projectof comprehensiveocean-atmospheredataset (COADS) has collectedthe most

completesurfacemarineobservationssince 1854,mainly from merchantships (Woodruff et al.
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1987;Woodruff et al. 1993).There are severalair-seaflux datasetsbasedon COADS with

adjustmentsin dataorroughnesslengthsfor flux computations(e. g.,Oberhuber1988;daSilvaet

al. 1994;Joseyetal. 1999).Ship-basedwind speedsaremostlyestimatedfrom seastates(referred

to asvisualwinds)usingtheWorld MeteorologicalOrganization(WMO) 1100Beaufortscale. It

hasgenerallybeenrecognizedthatthisscaleunderestimateswind speedsat low to moderatewinds

(< -19 m s1) but overestimatewind speedsathigh winds (Kent andTaylor 1997and references

within). In addition,the global distribution of ship reports is spatially inhomogeneouswith a

relativelylargenumberof observationsin midlatitudesof NorthPacificandNorth Atlantic,but very

few in theSouthernHemisphere(daSilvaet al. 1994;Woodruffetal. 1993;Joseyet al. 1999). Da

Silvaet al. (1994)produced1° x 1° latitude-longitudeglobalmonthlymeanair-seafluxes for the

period 1945-93using a successivecorrectionmethod(filling datagaps),basedon COADS with

correctionon wind speeds. Joseyet al. (1999) havecorrectedmore input variablesand used a

similar successivecorrectionmethodto generateglobal flux fields. However,their 1980-93flux

climatologiesaregenerallynotverydifferentfrom that(1945-89)of daSilvaet al. (1994).

The satellite-basedflux fields aresubjectto retrievalerrors. On theotherhand,the COADS-

basedglobalanalyzedflux fields mayhaveregionalbiasesdueto errorsof measurements,spatial

andtemporalsamplings,andobjectiveanalyses(IsemerandHasse1987;Kent et al. 1993;daSilva

et al. 1994;Kentet al. 2000). As thereisno "groundtruth" of globalflux fieldsandwe cannot get

enough in situ quality measurementsover the vast oceans, it is important to conduct

intercomparisonstudiesbetweenthesetwo fields andavailablehigh quality in situ measurements.

It can identify the strengthsand weaknessesof the retrievals. It can also assessthe quality of

COADS-basedflux fields,especiallyoverthedata-voidregionsof theSouthernHemisphere.To

correctlyevaluatethedifferencesbetweenvariousdatasets,the sametimeperiodshaveto beused.

Thuswe comparetheretrieved1990-93annual-meanfluxes and input variableswith the1990-93

results(referredto asUWM/COADSin thispaper)of daSilvaet al. (1994),which is recognizedto

beoneof thebestglobalanalyzedflux datasetsderivedfrom COADS.
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Thepurposeof this paperis to presenta mostupdatedassessmentof theGSSTF 1.0dataset.

It will beusefulto thefutureSEAFLUX intercomparisonstudiesandresearchersinterestedin our

data.Section2 describesthe datasourcesusedin this study. Section3 briefly describesthe

methodologyandvalidationfor the retrievalof surfaceair humidity. To test the validity of the

humidity-retrievaltechnique,surfaceair humidityretrievedfrom theF8SSM/IduringFebruaryand

August1988andfrom theF10 andF11 SSM/Is during 1993arecomparedwith thosecollocated

radiosondeobservationsoverglobal oceans. Section4 briefly describesthe methodologyand

validationfor the retrievalof turbulent fluxes. To assessthe retrievalaccuracy,daily turbulent

fluxes retrieved from the F10 and Fll SSM/Is are comparedwith those derived from

measurementsof theRV MoanaWaveduring threeseparatecruisesin the COARE IOP and the

IMET buoyduringtheentireCOAREIOP. TheF10 satelliteplatformwasmisplacedin orbit, and

theorbit driftedduringthetimeof operation.To seetheeffect,theglobaldistributionsof 1992-94

annualmeanturbulentfluxesandinput variablesarecomparedbetweenFI0 andF11 satellitesin

section5. This providessomejustificationaboutwhyF10 measurementsarenot includedin the

climatologiesof GSSTF 1.0dataset. Section6 presentsthe global distributions of 1988-94

seasonal-meanwind stressesand latentheatfluxes, derivedfrom monthly climatologiesof the

GSSTF 1.0dataset.To assessregionalbiases,the global distributionsof 1990-93annual-mean

fluxes and input variablesare comparedbetweenSSM/I and UWM/COADS in section 7.

Concludingremarksaregivenin section8.

2. Data sources

The datasets used to derive surface air humidity and turbulent fluxes are: 1) the SSM/I total

precipitable water (total column water vapor amount) and 10-m wind speeds of Wentz (1994), 2)

the precipitable water in the lowest 500-m bottom-layer, 3) the 0Z and 12Z analyses of SST-T2m

(2-m temperatures) and sea-level pressures of the European Centre for Medium-Range Weather

Forecasts (ECMWF), 4) the weekly-mean sea surface temperatures (SST) of the National Centers

for Environmental Prediction (NCEP), and 5) the SSM/I 10-m wind directions of Atlas (1996).

Using the method of Schulz et al. (1993), we estimate the bottom-layer precipitable water from the
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brightnesstemperaturesderivedfrom the SSM/I antennatemperaturesof Wentz (1993). Daily

meanSSTsfor computinglatentheatfluxesareinterpolatedfrom theweeklymeanvaluesof NCEP

(ReynoldsandSmith 1994).

TheSSM/I is a passivemicrowaveradiometer,which sensesthe earthatmospheresystemat

four frequenciesof 19.35,22.235,37.0 and 85.5 GHz. It has both horizontal and vertical

polarizationexceptfor the 22 GHz water vapor channelthat has only the verticalpolarization

measurement.Wentz (1994) developedhis algorithm to retrievesimultaneouslythe 10-m wind

speed,total precipitablewater,columnarcloud water,and rain rate. These four geophysical

parameterswerederivedby matchingall thebrightnesstemperaturesof the five low frequency

SSM/I channelsto thosecomputedusinga radiativetransfermodelof the atmosphereandocean.

Analyzingtheretrievalerrorbudgethe found that,for a 50-km resolution,the root-mean-square

(rms) accuracywas 1.0 m s1 for the SSM/I wind speed,and 1.0 kg m-2for the SSM/I total

precipitablewater. In this study,theSSM/I datausedfor the collocationvalidationof surfaceair

humidityandturbulentfluxesarefrom theF8,F10,andF11 satellites.The 1990-93annual-mean

(1988-94 seasonal-mean)turbulentfluxes and input variablesarederivedfrom the F8 andFII

SSM/Is,whichhaveslightlybetterdataquality thantheF10SSM/I (seesections3band5).

To validatetheestimatedsurfaceair humidity,twice-dailyradiosondeobservationsat30 stations

overtheglobaloceans(Table1)for FebruaryandAugust1988andfor 1993areusedto matchthe

SSMBretrievals.To validatetheretrieveddaily turbulentfluxes,theMoanaWaveflux data(1.7°S,

156°E),andthelatestversionof the7.5-rainmeansurfacefluxesattheIMET buoy (1.75°S,156°E)

areused. Theformerwereobtainedfrom theCOARE SurfaceFlux Summary- Release#2 (C.

Fairall,privatecommunication,1994),while the latterwere computedby Weller and Anderson

(1996). To assessregionalbiases,the 1990-1993annual-meanturbulentfluxesand input variables

of daSilvaetal. (1994)areused.

3. Methodology and validation for retrieval of surface air humidity

a. Methodology for retrieving surface air humidity
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Chouet al. (1995)developeda techniqueto retrievesurfaceair humidity from the SSM/I total

precipitablewaterand lowest 500-m bottom-layerprecipitablewater (Wu). In this paper,the

retrievedsurfaceair humidity is referredto asthespecifichumidityat the 10-mlevel(Q_0m)asit is

sousedin theflux computation.Thecoefficientsof Q10m retrieval equation (see Table 1 of Chou et

al. 1997) were determined from the vertical profiles of the mean and first two empirical orthogonal

functions (EOFs) of a sample population of humidity soundings of a given climatic regime. To

retrieve Q_0m over global oceans, six sample populations and EOFs corresponding to six climate

regimes were generated from a total of 23177 FGGE IIb humidity soundings observed at 64

stations over global oceans during December 1978-November 1979 (Chou et al. 1995). The

soundings at each station were grouped into a cold-season (November to April for the Northern

Hemisphere and May to October for the Southern Hemisphere) and a warm-season. These 128

(2x64) semiannual subsets were further grouped into six sample populations, according to the

semiannual-mean total precipitable water. The ranges of semiannual-mean total precipitable water

of the six sample populations were set to be 0-10, 10-20, 20-30, 30-40, 40-50, and >50 kg m 2. The

locations and mean total precipitable water of the subsets of the sample populations are highly

related to the pattern and seasonal variation of the SST (see Figs. 1 and 2 of Chou et al. 1995).

These six sample populations were thus considered as representing different climatic regimes for

retrieving the Qt0m- The Qtom was assumed to be a weighted mean of three quantities derived from

the humidity retrieval equations of three adjacent sample populations (or climatic regimes), which

were selected by the SSM/I-retrieved total precipitable water.

Chou et al. (1995) found that the SSM/I-retrieved QI0m agreed reasonably well with those of the

radiosonde observations, COADS (Woodruff et al. 1987), and climatology estimated from ship

measurements (Esbensen and Kushnir 1981). However, the derived QI0m in the northern

extratropical oceans had a negative bias in the winter but a positive bias in the summer, as compared

to COADS. Chou et al. (1977) made two modifications to the original EOF method to reduce the

humidity biases. The negative humidity bias over the wintertime extratropical oceans (WB< 3 kg m

2) was mainly due to underestimation of the SSM/I-retrieved W_. Thus, they set the lower limits of
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Q_0mto bethatderivedfrom thetotalprecipitablewater(moreaccuratethanSSM/IWB)in thesedry

regions.Ontheotherhand,the saturationspecifichumidityat daily SSTswassetto be theupper

limits for the Q_0mover the global oceans. This reducesthe positive humidity bias over the

summertimeextratropicaloceans. In thesummer,whenthe warmercontinental(or maritime)air

movesoveracolderoceansurface,fogor stratusmayform with the surfaceair reachingsaturation

at a temperatureneartheunderlyingcold SST. Under this situation,theoriginalmethodtendsto

overestimateQJ0m-Chouetal. (1997)foundthattheglobaldistributionsandseasonalvariabilityof

theretrievedmonthlysurfaceair humidity(andlatentheatfluxes)weremorerealisticthan thoseof

Chouetal. (1995),asaresultof thesetwo modifications.

b. Collocationvalidationfor retrievedsurfaceair humidity

To validatetheretrievedQ_0m,radiosondeobservationsat 30 stationsover the global oceans

(Table 1) arecomparedwith the retrievalswithin 100km and 1.5 h of SSM/I measurements.

Within 100km and 1.5 h of satellitemeasurements,a single radiosondeobservationcanmatch

manySSM/I cells (with a meanof -50 for total precipitablewaterand -30 for WB). As these

collocatedSSM/I cells may not be independentsamples,they areaveragedand consideredas a

singlesamplefor thecollocationvalidation. Notethatthisapproachisdifferentfrom thatof Schulz

et al. (1997),whoconsideredall thecollocatedSSM/Icells(with a smallerwindow) as independent

samplesfor computingtheretrievalerrors.As thermserror decreaseswith increasingsamplesize,

which dependson the collocationwindow, the retrievalaccuracypresentedby different studies

shouldbecomparedwith caution. Table2 comparestheretrievedQ_omwith thoseof radiosonde

observationsmatchedwithin 100 km and 1.5 h over global oceans and various regions.

Comparisonsarecarriedout for threeperiods:FebruaryandAugust 1988,Februaryand August

1993,andtheentireannualcycleof 1993. Most radiosondesare launchedat 0 and 1200UTC.

Theascendingequatorialcrossingtimesare0612, 1942,and 1702LT for the F8, F10 and F11

satellites,respectively.Thecollocateddatapairsfor globaloceansare342 (F8) for Februaryand

August1988,462 (288for F10and 174for F11) for FebruaryandAugust 1993,and 2054(1205

forF10 and849forFll) for 1993.
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As canbeseenfromTable2,thehumidityretrievalis generallyaccurateoverglobaloceansfor

thethreeperiodstestedduring 1988and 1993. For a 25-kin spatialresolution,theQ_0mretrieved

from theF8 andF11SSM/Ishassmallbiasesof 0.03-0.25g kg_, rms differencesof 1.55-1.62g

kg_, anda correlationcoefficientof 0.97,ascomparedto theradiosondeobservationsoverglobal

oceans.TheQ_0mretrievedfrom theF10 SSM/I overglobaloceansreducestheaccuracyby 0.2-

0.3g kg_ andSSM/I-radiosondecorrelationby 0.03-0.04,ascomparedto theothertwo SSM/Is.

TheGlobaland regionalvalidationsshowthat the accuracyof Ql0mderivedfrom theF8 andF11

SSM/Isiscomparableandis slightlybetterthanthatderivedfromtheFIOSSM/I.

4. Methodology and validation for retrieval of air-sea turbulent fluxes

a. Methodology for retrieving air-sea turbulent fluxes

Turbulent fluxes are derived using the best one of four stability-dependent aerodynamic bulk

schemes tested against aircraft covariance fluxes measured during cold air outbreaks off the middle

North Atlantic coast of the United States (Chou 1993). This scheme is similar to Fairall et al.

(1996) but without a gustiness and skin SST parameterization. The former was found to have

insignificant impact on the SSMfl turbulent fluxes (Chou et al. 1997). In addition, the bulk

temperature instead of skin SST is used for the computation of latent and sensible heat fluxes. The

von Karmen constants for the non-dimensional profiles of wind, temperature, and moisture are

equal to 0.4, 0.36, and 0.45, respectively. This causes the transfer coefficient to increase 12.5% for

latent heat flux but to decrease 10% for sensible heat flux, as compared to a uniform von Karmen

constant of 0.4. Using the surface-layer similarity theory, the turbulent fluxes are derived from the

surface-layer scaling parameters by iteratively solving the diabatic profiles of wind, temperature, and

moisture. The bulk transfer coefficients are stability dependent and are functions of wind speed,

and sea-air temperature and humidity differences. This scheme will be compared with other bulk

schemes in the SEAFLUX intercomparison project.

Input parameters are daily-mean values of SST, saturation specific humidity at the sea surface

(Qs), wind speed and specific humidity 10 m above the surface, and air temperature 2 m above the
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surface(T2m).It is notedthatthereferenceheightin thebulk schemeis setto 10m for wind speed

andhumiditybut is setto 2 m for temperaturefor correctlycalculatingtheir gradientsandstability

(Chou et al. 1997). The SSM/I 10-mwind speedsof Wentz (1994) areused. Wind stress

directionsaretakenfrom thesurfacewind directionsof Atlaset al. (1996),which used the 10-m

wind speedsof Wentz (1994) for input to a variational analysis. The retrieval of Qmm is briefly

discussed in the previous section. The Qs is determined from the daily mean SST, which is

interpolated from the NCEP weekly mean SSTs (Reynolds and Smith 1994). To use an

aerodynamic bulk scheme to derive surface sensible heat fluxes, the measurements of air

temperatures in the atmospheric surface layer (about 50-100 m) are required. However, they are not

currently available from satellite measurements. Thus, the SST-T2m used for computing the

sensible heat flux is taken from the averages of 0Z and 12Z analyses of the ECMWF. Sea-air

temperature difference is generally very small over the open ocean, except for the western Pacific

warm pool and midlatitudes in the winter. Small errors in the SSTs and air temperatures could

induce a relatively large error in the sea-air temperature difference if the errors are uncorrelated.

The ECMWF analysis of 2-m temperatures is thermodynamically constrained to the SST.

The latent and sensible heat fluxes depend on the skin SST. The skin SST is usually 0.2-0.3°C

cooler than bulk temperature with the difference depending on surface net heat flux and wind

induced oceanic mixing (Webster et al. 1996; Wick et al. 1996 and references within). The global

distribution of true skin SST for the period interested is not currently available, as its determination

is very challenging and is still underdeveloped by various scientists (see the SEAFLUX

intercomparison project). In addition, the daily-mean value of the bulk-skin SST difference is

usually insignificant due to day-night cancellation. It may even be smaller than the error of the

estimated skin SST, which arises from the uncertainty in the surface heat budgets, wind speeds, and

skin SST parameterization. Thus we use the bulk temperatures of global oceans analyzed by the

NCEP and ECMWF to compute heat fluxes in our GSSTF 1.0 dataset and this paper.

b. Collocation validation for retrieved air-sea turbulent fluxes
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Chouet al. (1997,2000)havevalidatedthedaily air-seaturbulentfluxes,derivedfrom theF10

andF11SSM/Is,with thosecomputedfrom measurementsof the RV MoanaWave and IMET

buoyduringtheCOAREIOP(November1992to February1993). Theseresultsaresummarized

in Table3. For the latentheatfluxes (wind stresses)of theRV MoanaWave,Chouet al. (1997)

used59%(77%)of covariancefluxesand41%(23%)of thebulk fluxescomputedby Fairallet al.

(1996). TheyderiveddailymeansensibleheatfluxesattheRV MoanaWavefrom the50-minbulk

fluxescomputedby Fairallet al. (1996),as small sensibleheat fluxes estimatedusing the eddy

correlationmethodmight be sensitiveto the measurementerrors. Retrieveddaily fluxes of the

nearestgrid box (2.0°x2.5° latitude-longitude)centeredat (2°S, 155°E),were used for the

comparisonwith theMoanaWaveobservations(1.7°S, 156°E). Chou et al. (2000) derived120

daysof dailymeanturbulentfluxesat theIMET buoy from thelatestversionof the7.5-minmean

surfacefluxescomputedby Weller andAnderson(1996)usingthe bulk schemeof Fairall et al.

(1996). Theretrieveddaily fluxes,interpolatedto a 1.0°xl.0° latitude-longituderegioncenteredat

(1.5°S,156°E),wereusedfor thecomparisonwith theIMET observations(1.75°S,156°E).

Table3 showsthattheretrievalaccuracyof turbulentfluxes is comparablewhenvalidatingwith

boththeRV MoanaWaveandIMET buoy. Comparedwith theRV MoanaWave(IMET buoy),

theretrieveddailywind stresseshaveabiasof 0.0061(-0.0018)N m2, anrmsdifferenceof 0.0187

(0.0211)N m2, anda correlationcoefficientof 0.86 (0.78). Theretrieveddaily latentheatfluxes

(LHF) havea biasof 6.2 (-2.4) W m2, an rmsdifferenceof 29.0 (29.2)W mz, anda correlation

coefficientof 0.83(0.71). On theotherhand,theretrieveddaily sensibleheatfluxes (SHF) arenot

in good agreementwith thoseof the MoanaWave and IMET buoy. The poor quality of the

retrievalsis likely a result of comparinga smallSHF with a largevariability. Chou et al. (2000)

foundthattheretrievalsignificantlyunderestimatedpeakvaluesof SHF duringepisodiceventsof

strongwesterlywind burstsandsquallsandsuggestedthatto bemainlydueto event-relatedrainfall

effect. Note that the spatialvariabilityof the turbulent fluxes may contributeto the estimated

retrievalerrors. The fluxes at the MoanaWaveand IMET buoy arecomputedfrom the point

measurements,while thoseof theretrievalsarecomputedfrom area-meanmeasurements.These
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resultssuggestthat,with the assumptionthat dailyerrorsareindependent,therms differencesare

0.0042-0.0069N m2 for theretrievedmonthlywindstress,5.8-8.I W m2 for theretrievedmonthly

LHF, and1.0-2.8W m-2for theretrievedmonthlySHF.

5. Comparison of fluxes between F10 and Fll satellites

The F10 satellite platform was misplaced in orbit, and the orbit drifted during the time of

operation. For the period 1988 to 1994, F10 and F11 satellite measurements are overlapped for the

period 1992-94. The comparison of retrieval differences between F10 and F11 during these three

years provides an opportunity to see the effect of the orbital drift of the F10 satellite. Figure 1

shows F10-F11 differences of retrieved 10-m wind speed, 10-m specific humidity, and LHF for

1992-94. It can be seen from Fig. la that the 10-m wind speed is slightly smaller for F10 than for

F11. The difference is less than 0.4 m sl, except in the areas of tropical convergence and the

western North Pacific and North Atlantic, with a mean difference of 0.22 m s _ over the global

oceans. This result is consistent with that found by Wentz's group. They found averaged SSM/I-

buoy differences of 10-m wind speed of -0.406 and 0.103 m s-_ for FI0 and FII, respectively

(http://www.ssmi.com). Their result and Fig. la suggest that wind speed and stress have slightly

better retrieval accuracy for F11 than for FI0. The retrieval differences of wind speed and surface

air humidity between the two satellites may be caused by the orbital drift of the FI0 satellite.

Figure lb shows that the Q_0m is systematically smaller for F10 than for F11, with a significant

difference of 0.8-1.0 g kg _ .in the subtropics and the southern trade wind regions. Differences of

0.5-0.6 g kg _ are found in the tropical convergence areas, with the minimum difference in the areas

towards high latitudes. The difference in the Q_0m results in a significant LHF difference of 20-30

W m -2 in the subtropics and the southern trade wind regions, but decreasing toward tropical

convergence zones and high latitudes (Fig. lc). In the equatorial Indian ocean and western Pacific

warm pool, the LHF of F10 is larger than that of F11 by a very small value of < 5 W m -2, as the

effect due to differences in wind speeds compensate that of Q10m. Note that averaged over the

COARE IOP (November 1992-February 1993) at the grid point (2°S, 155°E) most close to the
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IMET buoy,theF10-F11differencesof LHF (0.5 W m"-) andSHF (-0.6W m-2)areverysmall.

However,theF1l-derivedwind stressis 0.0126N m-2largerthan thatof F10 and is closerto the

IMET measurement.In addition,theF10-F11differencesof Ql0m shown in Fig. lb are consistent

with the differences of QJ0_ retrieval biases for regional validations shown in Table 2. The results

again suggest a better retrieval accuracy of Q10mfor FI 1 than for F10. Averaged over global oceans

for 1992-94, thel0-m wind speed is smaller by 0.22 m s-_, the Q_0m is smaller by 0.59 g kg _, but the

latent heat flux is larger by 14.4 W m -2 for F10 than for F11. Because the regional difference of

LHF between the two satellites is significant and because the retrieval accuracy is slightly better for

F11 than for F10, we only use F8 and F11 SSM/I data (excluding F10 data) to compute annual-

and monthly-mean climatologies in our GSSTF 1.0 dataset.

6. 1988-94 seasonal-mean wind stresses and latent heat fluxes

In this section, we present the seasonal variations of the most important fluxes of momentum

and latent heat along with their relevant parameters for the 1988-94 climatologies. Four seasons of

winter (December, January, and February), spring (March, April, and May), summer (June, July,

and August), and fall (September, October, and November) are used for the discussion. Figure 2

shows 1988-94 seasonal-mean wind stresses, derived from F8 (1988-91) and Fll (1992-94)

SSM/Is, respectively. The maximum wind stresses and speeds (not shown) are generally found in

the trade wind zones, the tropical Indian ocean (associated with the southwest summer Monsoon

circulation), the wintertime extratropical North Pacific and North Atlantic oceans (associated with

synoptic activities), and the extratropics of the Southern Hemisphere. Wind stresses and speeds of

the trade wind zones are larger in the Northern Hemisphere than in the Southern Hemisphere

during the winter and spring, and vise versa during the other two seasons, as a result of seasonal

variations of the Hadley circulation. The minimum wind stresses and speeds are generally found in

the tropical Indian ocean and South Pacific convergence zone (SPCZ) during the winter and spring,

near Indochina during the summer and f'J1, the intertropical convergence zones (ITCZ) in the

eastern equatorial Pacific and Atlantic Oceans, and subtropical highs. The retrieved wind stress and

wind fields clearly show the seasonal variation of the atmospheric general circulation and are



12

consistentwith thoseof Atlas et al. (1996), Esbensenet al. (1993), Chou et al. (1995), and

HellermanandRosenstein(1983).

Figure3 shows1988-94seasonal-meanLHF, derivedfrom F8 (1988-91)andF11 (1992-94)

SSM/Is,respectively.The seasonalvariabilityof LHF follows essentiallythat of sea-airhumidity

difference,Qs-Q_0m,(not shown). Both variablesare larger in the winter than in the summer

hemisphere.ThemaximumLHF (160-240W m-2)is generallyfound in thetradewind zonesof

bothhemispheres,wheretheQs-Q_0mis large(5-7g kg_) andwindsarestrong(7-10m st). In the

tradewind zones,thelargestvaluesof wind speed,Qs-Ql0m,andLHF arein thewinter hemisphere

dueto thestrongestwintertimeHadleycirculation(seeFigs 2-3). In addition,the maximumLHF

(-240-280 W m z) is found in the Kuroshio Current and Gulf Stream areas (Fig. 4a). Strong

winds and large Qs-Q_0m prevail in these regions during the winters (not shown), due to cold air

outbreaks over warm oceans (e.g., Agee and Howley 1977; Chou and Ferguson 1991; Chou 1993).

The LHF and Qs-Q_0m decrease poleward with decreasing SST, with the minima in high latitudes of

the summer hemisphere. The minima of LHF and Qs-Q_0m, associated with weak winds, are also

found in the eastern equatorial Pacific and Atlantic for all seasons related to the up-welling induced

cold SST. The large-scale patterns and seasonal variations of LHF and Qs-Q_om for the winter and

summer are consistent with those of Chou et al. (1997).

7. Comparison with 1990-93 UWM/COADS

In this section we compare 1990-93 annual-mean turbulent fluxes and input variables, derived

from F8 (1990-91) and F11 (1992-93) SSM/I data, with those of UWM/COADS. Da Silva et al.

(1994) have produced a dataset of 1.0°xl.0 ° latitude-longitude global fields of monthly-mean

turbulent fluxes for the period 1945-93, which is one of the most current and best flux datasets

derived from ship reports. To accurately evaluate the differences between these two datasets, the

same time period of 1990-93 is used. Although both datasets overlap six years from 1988 to 1993,

the comparison using these six-year data is not expected to affect our conclusion. For the

comparisons, the results of UWM/COADS are interpolated to the same 2.0°x2.5 ° latitude-longitude
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globalgrid asthatof theSSM/I. In addition,the20-mreferenceheight (usedin UWM/COADS)

isused.Thewind speeds(Uzom),specifichumidity(Q2om),andtemperature(Tz0m) of SSM]I at this

level are derived from the aerodynamic bulk scheme using the retrieved fluxes.

a. Comparison of SST, surface air humidity and temperature

The patterns of 1990-93 annual-mean SST, 20-m specific humidity, and 20-m temperature (not

shown) are in good agreement between SSMB and UWM/COADS (or COADS). The differences

of 1990-93 annual-mean SST, Q20_, and T2o m between the two datasets are shown in Fig. 4. The

SST difference between NCEP and COADS is generally negligibly small (Fig. 4a), while the T20m

is slightly cooler for ECMWF than for COADS with the maximum difference of 0.5-1 °C in the

extratropics (Fig. 4c). On the other hand, Fig. 4b shows that the SSM/I Q2om is significantly drier

than COADS (except for the equatorial Indian Ocean, western Pacific warm pool and ITCZs), with

the maximum difference of 1-2 g kg _ in the trade wind zones and southern oceans (south of 40°S).

The maximum Q20m difference in the trade wind regions of the eastern South Pacific and South

Atlantic is due to the lack of dry tongues for COADS.

The humidity difference in the southern ocean shown in Fig. 4b is likely due to the objective

analysis of UWM/COADS. Da Silva et al. (1994) filled the missing data using a successive

correction method with the radii of influence of 1541, 1211,881, and 771 km. Data within different

radii of influence were weighted by distance and averaged in successive passes of the smoothing

process. Since data are scarce in the oceans south of 40°S, high Q20m observed further northward

are extrapolated southward (Kent et al. 2000). This can cause UWM/COADS to have high Q20_

and large differences with SSM/I south of 40°S. For the three stations in the southern extratropical

Pacific Ocean (52.5°S, 169°E; 54.5°S,159°E) and southern extratropical Indian Ocean

(38°S,77.5°E), Table 2 shows that the F11-retrieved Qmm has negligibly small biases of -0.07, -0.11,

and -0.13 g kg", respectively, as compared to radiosonde observations. However, Fig. 4b shows

that the Q20m of UWM/COADS at these stations (see Table 1) is higher than that of SSM/I by 0.96,

1.04, and 0.75 g kg _, respectively.
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Fivebuoys weredeployedbetween18° and 33°N in the easternNorth Atlantic during the

SubductionExperimentfrom June 1991to June 1993 (Moyer and Weller 1997). Table 4

comparesmonthly-mean20-mspecifichumidity andwind speedsof SSM/I andUWM/COADS

with thosederivedfrom buoy measurementsfor theperiodsof reliablebuoy records(Moyer and

Weller 1997). Theresultsfor thebuoys arecomputedfrom point measurements,while thoseof

SSM/I and UWM/COADS arecomputedfrom the averagesover an areaof 2.0°x2.5° latitude-

longitude(with thecentersnearestbut -50-100km westof thebuoy locations). As thesurfaceair

humidity andwind speedincreasewestwardin the experimentalarea,the spatialmismatchmay

causepositivebiasesfor theSSM/I and UWM/COADS as comparedto buoy measurementsin

Table4. Table4 show that the SSM/I andCOADS Qz0m generally have comparable biases as

compared to buoy measurements, except for the SW buoy of the trade wind region. Compared to

the measurements at the SW buoy, the Q20m has a small bias of 0.5 g kg t for SSM/I but has a

relatively large positive bias of 1.2 g kg ] for COADS. This result suggests the humidity

overestimation of UWM/COADS to be primarily responsible for the Q20m difference in the trade

wind regions shown in Fig. 4b. The northeast buoy was the only one to remain operational

throughout the experiment and provided the most reliable data, while the measurements at other four

were less complete. Thus the measurements at the NE buoy are used to show the fidelity of the

monthly variability of the SSM/I and UWM/COADS Q20m during the two years of experiment in

Fig. 5. It can be seen from Fig. 5 that the monthly-mean Q20m for both datasets follows closely that

of the NE buoy, except for slightly positive biases.

For the stations of Caribbean sea (10°N-20°N, 85°W-55°W) and equatorial Indian Ocean

(15°S-15°N, 50°E-100°E), Table 2 shows that the FI l-retrieved Q10m has small positive biases of

0.15 and 0.51 g kg _, respectively, as compared to radiosonde observations. However, Fig. 4b

shows that the Q20m of UWM/COADS at the stations of these two regions (see Table 1) is higher

than that of SSM/I by 0.95 and 0.29 g kg _, respectively. This result is consistent with some

previous findings that ships overestimated dew point temperatures (by -0.5°C), resulting in a higher

value of surface air humidity for COADS (Isemer and Hasse 1987; Kent et al. 1993; da Silva et al.



15

1994;Joseyet al. 1999). Chouet al. (1997) also found that the radiosondeobservedQI0m was

closer to SSM/I than COADS. In addition, they found a 0.5°C decrease in dew point temperature

for the COADS within 60°S-60°N (excluding data-missing areas) could cause a decrease of 0.4 g

kg _ in Q20m. This can explain most of the difference in Q20m (0.60 g kg _) between the two datasets

averaged over global oceans. In addition, the successive correction method can induce high values

of surface air humidity over the data-sparse regions south of 40°S and contribute additional

difference in Q20m- Thus it is believed that the difference of Q20mshown in Fig. 4b most likely due

to errors introduced by overestimation of dew point temperatures and the successive correction

method of UWM/COADS, although the retrieval may subject to errors.

b. Comparison of wind speed and stress

Figures 6 and 7 compare 1990-93 annual-mean wind speeds, and sea-air humidity and

temperature differences between SSM/I and UWM/COADS, with the difference maps shown in

Fig. 8. It can be seen from Figs. 6a and 7a that the large-scale patterns of wind speeds are in good

agreement between these two datasets. The maxima are located in the strong wind regions of trade

winds and extratropical storm tracks. The minima are located in the weak wind areas of ITCZ,

SPCZ, and subtropical highs. The retrieved wind speed is generally within -+1 m s_ of

UWM/COADS, but is stronger by - 1-2 m s-_ in the northern extratropical oceans (Fig. 8a).

Wentz (1994) estimated a 1.0 m sq ofrms accuracy for his retrieved wind speeds with a 50-km

resolution. This high degree of accuracy was estimated by comparing a large number of collocated

buoy wind speeds with SSM/I retrievals (with a collocation window of 3 h and 30 km) and by

analyzing the retrieval error budget (including spatial-temporal mismatch errors, see Wentz 1997

for the details). On the other hand, da Silva et al. (1994) applied an anemometer height of 20 m to

the entire wind dataset measured by ship anemometers to derive a Beaufort equivalent scale for

determining visual wind speeds, which depend on sea states. However, Kent and Taylor (1997)

found that the true anemometer heights had large standard deviations with the means generally

much higher than 20 m and increasing with time. For example, the mean anemometer height was
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35.2 m (24.2 m) with a standarddeviationof 8.4 m (10.9 m) in midlatitudesof North Pacific

(North Atlantic)during 1990. An underestimationof anemometerheight can causehigh ship

anemometer-measured(andvisual)wind speeds,ashigherwind speedsmeasuredat higher levels

areassignedto lowerlevels. For thesameerrorof anemometerheight,the strongerthewind is the

largerthewind speederroris. Thiscancausealargerdiscrepancyof wind speedsin thehigh wind

regionsof thenorthernextratropicaloceans.Table4 alsoshowsthatthebiasesof wind speedwith

respectto buoy measurementsof the Subductionexperimentare smaller for SSM/I than for

UWM/COADS, althoughthedifferencesarenot significant. Thusthe SSM/I 20-mwind speeds

shownin Fig. 6ais believedtobemorereliablethanthatof UWM/COADS shownin Fig.7a.

Thedifferencesof 1990-93 annual-mean wind stresses, LHF, and SHF between SSM/I and

UWM/COADS are shown in Fig. 9, with the mean fields compared in Figs. 10 and 11. Figure 9a

shows that the retrieved wind stress is generally within + 0.02 N m -2 of UWM/COADS, except for

the southern oceans. Although Figs. 10a and 1 la show that the wind stresses follow closely their

respective wind fields (Figs. 6a and 7a), Figs. 8a and 9a indicate that the wind directions in the

extratropical oceans are steadier for SSM/I than for UWM/COADS. Again, we believe the

retrieved wind stress field (Fig. 10a) is more reliable than that of UWM/COADS (Fig. 1 l a).

c. Comparison of LHF and SHF

The large-scale patterns of LHF (Figs.10b and lib) are similar between SSM/I and

UWM/COADS. The Maximum LHF is found in the Kuroshio Current and Gulf Stream areas,

resulting from high winds coupling with large sea-air humidity difference (Qs-Q20m) during cold air

outbreaks in the winters, and the trade wind belts. The minimum LHF is found in the eastern

equatorial Pacific and Atlantic, due to up-welling induced cold SSTs associated with weak winds,

and the high latitudes due to poleward decrease in SST. However, compared to UWM/COADS,

the retrieved LHF is generally larger, but is slightly smaller in the ITCZ and SPCZ (Fig. 9b). The

LHF difference in the trade wind zones and the southern oceans is especially large reaching -40-60

W m -2. This is because SSM/I has significantly larger Qs-Q20 m (up to - 1-1.5 g kg _) and slightly
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strongerwinds in theregionsascomparedto UWM/COADS (Figs. 8a,8b, and 9b). Note that,

Figs.4band8bshowthat thedifferencein Q20m between the two datasets essentially controls that

of Qs-Qzom" This is because the differences in SST and, hence, Qs between the two datasets are

generally negligibly small, except for the southern oceans.

Some climatological studies suggested that the latent heat fluxes based on ship measurements

might be systematically underestimated (Oberhuber 1988; da Silva et al. 1994; Josey et al. 1999).

Using the COADS original dew point temperatures with revised wind speeds, da Silva et al. (1994)

-2

found that the long-term (1945-89) annual-mean net heat flux into the ocean was 30.2 W m over

the entire ocean. They suggested the surplus of heat flux to be mainly due to the overestimation of

solar radiation and the underestimation of latent heat flux. To have the derived meridional oceanic

heat transports consistent with the observations meanwhile achieving a global heat balance, they

suggested a 7% reduction for the estimated solar radiation but a 15-17% increase for the estimated

LHF. Averaged over global oceans, the retrieved LHF is larger than that of UWM/COADS by

23.5 W m 2, which is 27% of the latter. Thus our result generally agrees with their study. Josey et

al. (1999) also found an oceanic gain of 30 W m -z for their COADS-based air-sea flux climatology

(1980-93). In addition, to achieve global heat balance, Oberhuber (1988) constrained his COADS-

derived surface fluxes by reducing 10% of estimated solar radiation and increasing latent heat flux.

The latter was achieved by using an enhanced roughness length to increase the transfer coefficient

for latent heat flux.

The patterns of SHF (Fig. 10c and 1 lc) and SST-T20 m (Figs. 6c and 7c) are in generally

agreement between both datasets. The SHF is generally very small (<10 W m z) due to the

smallness of sea-air temperature difference (<I°C), except for slightly larger fluxes in the

northwestern parts of the North Pacific and North Atlantic caused by cold air outbreaks. Figure 8c

shows that the discrepancy of SST-T20 m between the two datasets is generally very small (-0.2-

0.5°C). The retrieved SI-IF is generally within +5 W m 2 of UWM/COADS, except for some areas
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in theextratropics,wherethedifferencesin windspeedhavelargeimpactonSHFdifferences(Figs.

8a,8cand9c).

8. Concluding remarks

The GSSTF 1.0 dataset has been produced and is available from of the NASA/GSFC DAAC. It

has a spatial resolution of 2.0°x2.5 ° latitude-longitude. It provides daily- and monthly-mean

surface turbulent fluxes and some relevant parameters over global oceans for individual F8, F10,

and F11 satellites covering the period July 1987-December 1994. It also provides 1988-94 annual-

and monthly-mean climatologies of the same variables, using only F8 and F11 satellite data. The

retrieved surface air humidity is found to be generally accurate as validated against the collocated

radiosonde observations during February and August 1988 and the entire annual cycle of 1993.

However, the retrieved surface air humidity (thus LHF) is slightly more accurate for FI 1 than for

F10. In addition, there are significant regional differences of surface air humidity and LHF

between the two satellites. This may be due to the orbital drift of the F10 satellite. Thus we only

use F8 and F I 1 results to compute annual- and monthly-mean climatologies in the GSSTF 1.0

dataset. The retrieved daily wind stress and latent heat flux retrieved from the FI0 and F11 SSM/Is

show useful accuracy as verified against those of the RV Moana Wave and IMET buoy measured

in the western Pacific warm pool during the COARE IOP. The1988-94 seasonal-mean wind stress,

LHF, wind speed and sea-air humidity difference, derived from monthly climatologies of the

GSSTF 1.0 dataset, show reasonable patterns related to seasonal variations of the atmospheric

general circulation and are consistent with previous studies.

The patterns of the1990-93 annual-mean turbulent fluxes and input variables are generally in

good agreement between SSM/I and UWM/COADS. The retrieved wind speed is generally within

+ 1 m s-_ of UWM/COADS, but is stronger by -1-2 m s j in the northern extratropical oceans.

Da Silva et al. (1994) most likely underestimated anemometer heights (Kent and Taylor 1997),

which could overestimate wind speeds particularly over high-wind regions of the northern

extratropical oceans. The retrieved wind stress is generally within -+ 0.02 N m 2 of
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UWM/COADS,exceptfor thesouthernoceans.Theresultsindicatethatthewind directionsin the

extratropicaloceansaresteadierfor SSM/I thanfor UWM/COADS.

Compared to UWM/COADS, the retrieved LHF and sea-air humidity difference are generally

larger with significant differences in the trade wind zones and the southern oceans (up to-40-60 W

m -2 and - 1-1.5 g kg_). The difference in the surface air humidity between the two datasets is

primarily responsible for these discrepancies. The humidity difference is believed to be mainly

caused by higher UWM/COADS surface air humidity arising from the overestimation of dew point

temperatures and from the extrapolation of observed high humidity southward into data-void

regions of the southern oceans. For some stations in the trade wind regions and southern

extratropical oceans, the retrieved surface air humidity compares well with the collocated radiosonde

observations but its 1990-93 mean values are significantly smaller than those of UWM/COADS.

The comparison with the measurements at the SW buoy of the Subduction experiment (Moyer and

Weller 1997) also suggests the COADS surface air humidity to be overestimated. This is

consistent with some previous findings that ships overestimated dew point temperatures (Isemer

and Hasse 1987; Kent et al. 1993; da Silva et al. 1994; Chou et al. 1997; Josey et al. 1999).

Averaged over global oceans, the retrieved 1990-93 annual-mean LHF and Qs-Q20m are larger than

UWM/COADS by 23.5 W m -2 and 0.55 g kg _, respectively. This result is consistent with previous

studies that the latent heat fluxes based on ship measurements might be systematically

underestimated (Oberhuber 1988; da Silva et al. 1994; Chou et al. 1997; Josey et al. 1999). The

retrieved SHF is generally within +5 W m 2 of UWM/COADS, except for some areas in the

extratropics, where the differences in wind speed have large impact on SHF differences.

The GSSTF 1.0 dataset derived from SSM/I is useful for climate studies, forcing of ocean

models, and validation of coupled ocean-atmosphere global models. Work is on-going to produce

a new dataset of daily surface turbulent fluxes, with a 1° x 1° latitude-longitude resolution over

global oceans, using the Pathfinder SSM/I 10-m wind speeds and total precipitable water of Wentz

(1997) and the SSM/I 10-m wind directions produced by the NASA/GSFC Data Assimilation
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Office. This flux datasetis anticipatedto havea betteraccuracybecauseof improvedqualityand

resolutionof theinputdata.
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Table 1. Radiosonde stations for collocation validation.

Name Number Latitude Longitude

Indian Ocean

Port Blair 43333 I 1.67°N 92.72°E

Minicoy Island 43369 8.30°N 73.00°E

Seychelles 63985 4.67°S 55.52°E

Diego Garcia 61967 7.35°S 72.48°E

Cocos Island 96996 12.18°S 96.83°E

I. N. Amsterdam 61996 37.80°S 77.53°E

Pacific Ocean

St. Paul Island 70308 57.15°N 170.22°W

Nikolskoye-on-Bering 32618 55.20ON 165.98°E

Hachijajima 47678 33.12°N 139.78°E

Minamidaito 47945 25.83°N 131.23°E

Ishigakijima 47918 24.33ON 124.17°E

Isla Guadalupe 76151 29.17°N 118.32°W

Isla Socorro 76723 18.72°N 110.95°W

Wake Island 91245 19.28°N 166.65°E

Guam 91217 13.55°N 144.83°E

Willis Island 94299 16.30°S 149.98°E

Pago Pago 91765 14.33os 170.72°W

Tahiti Island Faaa 91938 17.55°S 149.62°W

Easter 85469 27.17°S 109.43 °W

Lord Howe Island 94995 31.53°S 159.08°E

Campbell Island 93944 52.55os 169.15°E

Macquarie Island 94998 54.50os 158.95°E

Mike C7M

Lima C7L

Sable Island 71600

Bermuda NAS/Kindley 78016

Roberts Field 78384

San Maarten 78866

Barbados 78954

Isla San Andreas 80001

Atlantic Ocean

66.00°N

57.00°N

43.93°N

32.37ON

19.30ON

18.05°N

13.07°N

12.58ON

2.00OE

20.00ow

60.02ow

64.68ow

81.37°W

63.12ow

59.50ow

81.70°W
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Table 2. Comparison of retrieved surface air specific humidity with those of radiosonde

observations within 100 km and 1.5 h over global oceans and various regions. In the table

mean denotes retrieved mean humidity for N collocated data pairs during the periods

indicated, positive bias indicates larger retrieved values, and rms denotes the root-mean-

square difference. Units are g kg _.

Satellite Period N Mean Bias Rms Correlation

F8 Feb/88, Aug/88 342 11.61 0.03 1.57 0.97

Feb/93;_uj93 ............--_lg- ........." -ii8.95 .ii 0_00 :-i_78-i--- 0;94 ........"

F11 Feb/93, Aug/93 174 11.35 0.10 1.55 0.97

_0-]-'-" 71993"7"'ii.................-" _7!-205 "-_'.j73]-'] 01!4 I)-96........"'-.............-0_'9"3.....--
......................

F11 1993 849 11.96 0.25 1.62 0.97

FlO l993(C_ibbE_) .........-:-50 ......................-17_3-4-- ........z0.72 ...............I_83 =-_--0_67 '

F11 1993 (Caribbean) 199 17.55 -0.15 1.69 0.74

07_ _I]L__II]993(52_5_7S_-i69"E) 167"" 5_557 " ]018i ........... Eag°7_?i ..........0_56 'S

FI 1 1993 (52.5°S, 169°E) 12 5.85 -0.07 1.10 0.65

FiOL-_]._-]!993(5_IS_S. i59°E)2 i9 7 ' _:731- .................:0_160 .... i .........

FII 1993 (54.5°S, 159°E) 62 4.99 -0.11 1.15 0.55

ELf_- ...... _1_9__3(Ifidi_Oceih_ "_-:¢99 71 ---I-4_74_ -013"2" I "7..........I-,80 ................ 0.93 ..... @

FI I 1993 (Trop. Indian) 350 17.42 0.51 1.60 0.71

ElT-__3(38°S;7715°E) ..... i49--'--8._'4 :-0H3 ...........'"=Z25 .............. 0]57
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Table3. Comparisonof daily wind stresses,latentheat fluxes (LHF), and sensibleheat

fluxes (SHF)derivedfrom theF10andF11SSM/Iswith thosemeasuredat theRV Moana

Wave(MW) andIMET buoy duringCOAREIOP. In the tablemeandenotesretrieved

fluxes averagedover52 (120) days for the MW (IMET), positivebias indicateslarger

retrievedfluxes,andrmsdenotestheroot-mean-squaredifference.UnitsareW m 2 for heat

fluxes and 104N m2for wind stress.

Data Number Flux Mean Bias Rms Correlation

source of days

Daily Monthly

MW 52 stress 417 61 187 69 0.86

!MET- i20 ___ - 5s_S_-_'_'"il- 37 !ii _i__--_--I8_ - ........ 2i 1--_--i_i42 i i"_'........__ 0_78 .......

MW 52 LHF 110.7 6.2 29.0 8.1 0.83

_T 29_;2-iii-;;i155;5:8 ................ OY! "-''-_-

MW 52 SHF 5.8 0.8 3.8 1.0 0.39



Table4. Differencesof monthlymean20-mspecifichumidity (Q2om) and 20-m wind speed (U2om)

derived from WHOI buoys observed during Subduction Experiment, SSM/I (F8 and Fll), and

UWM/COADS for N months of buoy deployments. Units are g kg _ for Q2om and m s_ for Uz0m,.

Locations NE buoy

(33N, 22W)

Months 25

NWbuoy SE buoy SWbuoy CE buoy

(33N, 34W) (18N, 22W) (18N, 34W) (26N, 29W)

12 15 14 20

Allbuoy

86

QZom(SSM_-buoy) 0.5

Q2om (UWM-buoy) 0.5

U20m(SSM/I-buoy ) 1.1

U2om (UWM-buoy) 1.3

0.6 -0.1 0.5 0.4 0.4

0.4 0.3 1.2 0.4 0.6

1.7 -0.5 0.9 1.0 0.9

1.9 1.0 1.2 0.9 1.2
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FIGURE CAPTIONS

Fig. I. F 10-F 11 differences of SSM/I-derived (a) 10-m wind speed, (b) 10-m specific humidity, and

(c) latent heat flux for 1992-94.

Fig. 2. Seasonal-mean wind stresses for (a) winter, (b) spring, (c) summer, and (d) fall, derived

from F8 and F11 SSM/I data during 1988-94. Arrows indicate wind stress directions.

Fig. 3. Same as Fig. 2, except for latent heat fluxes.

Fig. 4. SSM/I-minus-UWM/COADS differences of (a) SST, (b) 20-m specific humidity, and (c)

20-m temperature for 1990-93.

Fig. 5. Monthly-mean 20-m specific humidity derived from measurements at NE buoy of the

Subduction Experiment (solid line), and SSM/I (solid circles) and UWM/COADS (crosses)

of the nearest grid point. Unit: g kg 1.

Fig. 6. Annual-mean (1990-93) (a) 20-rn wind speed, and (b) sea-20m humidity difference, derived

from F8 and F11 SSM/I data, and (c) sea-20m temperature difference of ECMWF.

Fig. 7. Same as Fig. 6, except for UWM/COADS.

Fig. 8. SSM/I-minus-UWM/COADS differences of (a) wind speed, (b) sea-air humidity

difference, and (c) sea-air temperature difference at the 20-m level for 1990-93.

Fig. 9. SSM/I-minus-UWM/COADS differences of (a) wind stress, (b) latent heat flux, and (c)

sensible heat flux for 1990-93. Anows indicate wind stress difference directions.

Fig. 10. Annual-mean (a) wind stress, (b) latent heat flux, and (c) sensible heat flux, derived from

F8 and F11 SSM/I data during 1990-93. Arrows indicate wind stress directions.

Fig. I 1. Same as Fig. 10, except for UWM/COADS.
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1990-93 Annual Mean SSMI Fluxes
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